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1 INTRODUCTION 5

1 Introduction

pon ignition, a spilled combustible liquid pool will burn in the form of a large turbulent dif-

fusion flame. Calculating the incident flux to an observer or to plant equipment involves
four steps: (a) geometric characterization of the flame, (b) estimation of flame thermal radiation
properties, (c) estimation of the atmospheric attenuation coefficients, and (d) computation of the
geometric view factors between the observer or plant equipment and flame.

The size of the flame will depend upon the spill surface and thermochemical properties of the
spilled liquid. In particular, the diameter of the fire (if not confined by a dike), the visible height of
the flame, the tilt and drag of the flame caused by wind, and the burning velocity of the liquid.

The radiative output of the flame will depend on the fire
size, the extent of mixing with air, and the flame surface
temperature. Some fraction of the thermal radiation is 8 ) 2
absorbed by carbon dioxide and water vapor in the inter- o) I

vening atmosphere. In addition, large combustible lig- ¢
uids pool fires produce thick smoke which can signifi-

cantly obscure flame radiation. Finally, the incident flux

at an observer location will depend on the thermal ra- <
diation view factor, which is a function of the distance

from the flame surface, the observer’s orientation, and

the flame geometry.

Figure 1: Pool fire overall energy balance

In recent editions of API-521 [4, 6], a fundamental equa- Air
tion (Annex A, A.1) for incident fire flux is provided. Entrainment
Equation A.1 enables a better assessment of both relief
requirement and vessel integrity depending on fire type

and duration. However, reasonable values of the flame emissivity, €, and the average and peak
flame surface temperatures, 7', are required to calculate thermal radiation heat transfer rates to
equipment and vessel surfaces that are either engulfed by the fire or exposed to thermal radiation
from the fire. The vessel outer wall temperature, inner wall temperature, and heat transfer rates to
the vessel vapor and liquid contents, all depend on the temperature difference between the flame
surface and the vessel outer wall surface. Credible vessel wall temperatures are required to as-
sess the estimated time to failure or estimated time to yield. Vessel wall temperatures cannot be
calculated properly without reasonable values of the flame average and peak surface temperatures.

~ . AIr
~__Entrainment

The performance of API-521 [4, 6] equation A.1 is evaluated using the proposed default values
of emissivity (¢) and flame temperature (1) for a variety of fuel types. The recommended peak
values for LNG are € ~ 1, Ty ~ 1,500 K and the recommended values for ethanol are ¢ ~ 0.18,
Ty ~ 1,273 K.
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2 OVERALL ENERGY BALANCE 6

2 Overall Energy Balance

The maximum amount of energy release rate by a pool fire can be directly calculated from the
liquid burning rate and the heat of combustion of the liquid:

Qr = A, 4r=A,m AH, = MAH, (1)

where A, is the burning pool surface area in m?, ¢r is the total available rate of combustion energy
in W/m?, Q7 is the total available rate of combustion energy in W, m is the mass burning rate in
kg/m?/s, M is the total mass burning rate in kg/s, and AH, is the heat of combustion in J/kg.
However, the pool combustion reaction is not 100 % efficient and combustion energy is lost or
scattered by convection to the surroundings. Furthermore, energy is radiated and conducted by the
flame to the liquid pool surface and energy is also radiated by the flame surface to the surroundings
and plant equipment (see Figure 1).

It is reasonable to assume, for hazard and safe exclusion
zones estimates, that 100 % of the combustion energy
goes into heating the pool reactants, entrained air, and
combustion products to the flame temperature at the up-

Figure 2: Measurements of ys, X, and
Xc as a function of the mass burning flux
of methane and natural gas in a 0.38 m

Shnad o burner [1]
per flammability limit, 7';. Radiation from the flame sur- i
face heats the pool liquid materials to the boiling point. - Fuel = Methane & Natural Gas
The pool surface then becomes fuel rich and the furthest - D=038m
distance from the pool liquid surface where combustion ' _A@&A‘“—’-‘—“ k= 4 X 4 ]
becomes possible is the point at the which the pool va- N G i ¢
pors are diluted by ambient air to the upper flammability ><_m 06 o non ]
limit. X e
o 0 4 = ——fF— X NG
. . . . . . W 04F o ]
Qsc + er +Qr + Qc - X(IMAHC - XaQT (2) [ A xene e
: L | |
Qs 0.2 ’m/g,.u’—"—’.’% 7
where Q, is the overall rate of combustion energy trans- X,
ported from the fire to the pool liquid surface, (), is the (IR rhs-= =2 S5 S S P

0 10 20 30 40 50

rate of combustion energy radiated by the flame and is 5
Y Mass Flux (g/m*®-s)

visible to the pool surface, (). is the rate of combustion
energy convected and/or conducted to the pool surface,
@, is the rate of combustion energy radiated by the fire in all directions to the surroundings (except
to the liquid pool surface), Q). is the rate of combustion energy scattered or lost to the atmo-
sphere by convection from the buoyant fire plume, and Yy, is the total combustion process effi-
ciency. The vast majority of the energy gained by the liquid pool surface is attributed to radiation,

(Qur =~ 0.65 x Q).

In general [1], up to ~ 25 % of the flame radiation energy is fed back and gained by the pool
surface (Q)s), up to >~ 25 % is radiated to the surroundings and plant equipment (¢);), and up to
~ 50 % is lost or scattered by convection to the atmosphere (Q)..). This is illustrated in Figure 2.
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3 API-521 FIRE FLUX AND FLAME EMISSIVE POWER 7

The fraction of total combustion energy attributed to thermal radiation is obtained by dividing
equation 2 by Qr:

Xse T Xsr TXr T Xe = Xa = 1 (3)
—_——
Xs

where Y is the overall fraction of combustion energy transported from the fire to the pool liquid
surface, ., 1s the fraction of total combustion energy radiated by the flame and is visible to the
pool surface !, x. is the fraction of total combustion energy convected and/or conducted to the
pool surface, ;. is the fraction of total combustion energy radiated by the fire in all directions to
the surroundings (except to the liquid pool surface), . is the fraction of total combustion energy
scattered or lost to the atmosphere by convection from the buoyant fire plume, and Yy, is the total
combustion process efficiency.

The maximum possible fraction of total combustion energy available for thermal radiation, X,
becomes:

AreoT} )., ArecT? Q.
sty Qu Arcedy @

LN )
MAHC MAHC QT QT

Xre = Xr + Xor =

where ¢ is the flame emissivity, ¢ = 5.67 x 1078 W/(m?K*) is the Stefan-Boltzmann constant,
Ay is the total surface area of the flame in m?, and A feaT;} is the total available flame radiation
energy to the surroundings and plant equipment.

The average pool flame temperature has to be computed using a chemical equilibrium computer
code such as SuperChems® Expert with a starting vapor temperature equal to the normal boiling
point of the pool burning mixture or chemical. For pool fires where sufficient confinement is
provided, most of the combustion energy, Q, +Q., will be absorbed by nearby confined equipment
and surfaces.

3 API-521 Fire Flux and Flame Emissive Power

In recent editions of API-521 [4, 6], a fundamental equation (Annex A, A.1) for incident fire flux is
provided. Equation A.1 enables a better assessment of both relief requirement and vessel integrity
depending on fire type and duration.

4 4
Ttive = awefan +h (vag — Tw,t) - GwUTw,t ®)
— M
Radiative Flux Convective Flux Re-radiated Flux

The first term in Equation 5 is the flame radiative heat flux into the external wall or insulation
surface. The second term is the hot combustion gases convective heat flux into the external wall
or insulation surface. The third term is the heat flux that is re-radiated by the external wall or
insulation surface. Note that temperature in this equation must be absolute. The radiative heat flux
is the dominant component of fire flux.

A vessel or piping segment does not have to be engulfed by fire in order to receive large heating
rates by thermal radiation [7]. Thermal radiation is independent of elevation, which is why fire

'xr includes a geometric view factor correction.
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3 API-521 FIRE FLUX AND FLAME EMISSIVE POWER 8

heating of vessels and equipment should not be limited to vessel sections or vessels that are only
within the 25 feet elevation [8] limit used by API-521 or the 30 ft limit used by NFPA-30. This is
especially important for vessels containing reactive chemicals.

When SI units are used, ;... i the net heat flux reaching the outer wall or insulation surface in
W/ m?, o, is the external wall surface or insulation absorptivity, € is the flame surface emissivity,
o is the Stefan-Boltzmann constant = 5.67 x 1078 W /m?/K*, T} is the flame surface temperature
in K, h is the combustion gases convective heat transfer coefficient in W/m?/K, T}, is the com-
bustion gases temperature in K, 77, ; is the time dependent wall surface temperature, and ¢, is
the outer wall or insulation surface emissivity (note that hydrocarbons fire exposure scenarios can
cause the vessels walls to be coated with soot).

Table 1: Recommended parameter values for Equation 5 for flame jets by API-521 [4] where other
data or information are not available

Flame Jet
Parameter Description Surface Average Heat Flux Local Peak Heat Flux
Leak rates >2 kg/s <2 kg/s >2 kg/s <2 kg/s
(Large Jet) (Small Jet) (Large Jet) (Small Jet)
e Flame emissivity 0.33 NA 0.87 0.75
B Wall emissivity 0.75 NA 0.75 0.75
s Wall absorptivity 0.75 NA 0.75 0.75
h Convective heat 40 W/m? K NA 100 W/m* K 00 W/m* K
transfer coefficient
between equipment
and surrounding air
7, Temperature of 1,173 K (900°C) NA 1,473 K (1,200°C) 1,373 K (1,100°C)
combustion gases
flowing over the surface
T; Fire temperature 1,373 K (1,100°C) NA 1,473 K (1,200°C) 1,373 K (1,100°C)
as Fire heat flux 100 kW/m” NA 350 kW/m’ 250 kW/m®
G Absorbed heat flux 85 kW,/m2 NA 200 kW/m? 210 kw/m?

Table 2: Recommended parameter values for Equation 5 for pool fires by API-521 [4] where other

data or information are not available

Pool Fire
Parameter Description Surface Average Heat Flux Local Peak Heat Flux
& Flame emissivity 0.75 0.75
s Equipment emissivity 0.75 0.75
Oy Equipment absorptivity 0.75 0.75
i : : e /2
b Convective heat transfer 20 W/m™ K 20 W/m” K

coefficient between
equipment and
surrounding air

T, Temperature of
combustion gases
flowing over the surface

873 K (600°C)

1,323 K (1,050°C)

Ti Fire temperature 1,023 K (750°C) 1,323 K (1,050°C)
qr Fire hear flux 60 kW/m’ 150 kW/m”
G Absorbed heart flux 45 kW/m2 120 kW/m?

Recommended values are provided by API-521 [4] for a typical unconfined heptane pool fire en-
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3 API-521 FIRE FLUX AND FLAME EMISSIVE POWER 9

gulfing an uninsulated carbon steel vessel for a surface average heat flux (o, = 0.75, € = 0.75,
Ty = 750 °C (1023 K), h = 20 W/m?/K, Ty, = 600 °C (873 K), and ¢,, = 0.75) and local
peak heat flux parameters (v, = 0.75, ¢, = 0.75, Ty = 1050 °C (1323 K), h = 20 W/m?/K,
Tt 4, = 1050 °C (1323 K), and ¢,, = 0.75). These recommended values are consistent with a fire
flux of 60 kW /m? and 150 kW /m? for surface-averaged and local peak values and wall absorbed
values of 45 kW /m? and 120 kW /m?, respectively. Recommended values for jet fires are also
provided by API-521 [4] (as shown in Table 1) where actual test data are not readily available for
establishing the flame characteristics.

API-521 [4] also provides an empirical equation to directly calculate the heating rate absorbed by
the vessel contents since Equation A.1 (5) only provides the fire flux that the vessel outer wall or
insulation is exposed to. The heating rate absorbed by vessel contents is calculated empirically [4]:

inre = qFAi (6)

Where () ;. is the total heating rate absorbed by the liquid in J/s or Watts (W), F’ is a mitigation
factor that is used to allow reduction of the heating rate because of water sprays, firefighting, and/or
insulation, and A,, is the wetted surface area in m?, i.e. the inner wall surface area contacted by
liquid. The constant g represents the heat flux absorbed by the liquid corrected for the presence of
adequate drainage. Note that ¢ includes a unit conversion factor associated with the fact that the
wetted surface area is raised to a power less than 1. A similar form is used by NFPA-30 [9]. Also
note that NFPA and API correlations differ for wetted surface areas that are less than 2,800 ft?
where NFPA yields a higher heating rate.

Equation 6 correlates the heat absorbed by the vessel liquid contents to the wetted surface area
raised to the power a = 0.82 typically. Confined pool fires lead to higher heating rates because
higher fractions of the fire radiative and convective are recovered due to confinement and secondary
combustion. A value of @ = 1 is substituted for a = 0.82 in API-521.

Melhem [10] showed that the simple API-521 equation (Equation 6) can be recovered from Equa-
tion 5 when the fire heating and relief dynamics are properly modeled. Equation 5 can be used to
develop both the relief requirements and to assess the failure potential as well as the effectiveness
of a variety of potential mitigation options. Melhem [10] also independently demonstrated that
Equation 5, when used with Process Safety Office® SuperChems® Expert vessel and wall dy-
namics, can accurately reproduce measured large scale [1 1, 12, 13] fire exposure test data including
wall temperatures and vessel failure pressure.

The fire flux provided by Equation 5 is used by detailed dynamic simulation software such as
SuperChems® Expert to provide time dependent estimates of wall segment temperatures, esti-
mated time to failure, fluid temperatures, and single/multiphase venting rates with and without
chemical reactions. Because it is difficult to establish consistent values of ¢; and 7', and because
ey and T} are flame surface location dependent, it is recommended that average values should be
used to size the relief requirements or relief device, and peak values should be used to establish
time to failure and wall temperatures.
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4 CONSISTENCY OF API-521 EQUATION A.1 10

4 Consistency of API-521 Equation A.1

API-521 [4, 6] allows the use of the Annex A (Equation A.1) for pressure relief sizing, but cautions
the user to justify the heat transfer parameters used for the analysis. API-521 recognizes the
limitations of Equation A.1 and warns the user:

Section A.3.1 “The analytical method can be used as an alternative to the empirical method for
calculation of the size of PRDs and the pressure profile, both of which involve the surface
average heat flux.”

Section A.3.1 “the analytical method is based on heat transfer calculations that require specifica-
tion of a number of variables that characterize details of the fire and heat transfer character-
istics (e.g. fire temperature, emissivities, heat transfer coefficient, etc.). Because the range
in these variables can vary significantly, a wide range in fire heat inputs can be obtained.
Hence, it is important to understand the basis of the variables and ensure the selected values
for the variables are representative of the fire scenario being evaluated (e.g. be careful when
using data from different fire tests).”

Section A.3.2 “However, when calculating the surface average heat input to the equipment for
use in sizing PRDs, for example, a temperature less than the fire temperature, 7§, is rec-
ommended because the average temperature of the combustion gases flowing over the fire-
exposed surface will be less than the fire temperature.”

For pool fires, API-521 [4, 6] recommends an average flame temperature of 1,023 K and a peak
flame temperature of 1,323 K along with a flame emissivity of 0.75, where measured and/or other
data is not available. We can prove that these values have to be consistent and are strongly depen-
dent on fuel type.

For a circular pool fire with a diameter of D), and a visible flame length of L, we can calculate the
flame surface area assuming a flame cylindrical geometry:

Af:ﬂ'Dpo (7)

If a measured value of y.,. is provided, we can use Equation 4 to calculate either the average flame
surface temperature, or the flame surface emissivity, or the burning rate:

AreaT? A eoT}
v = =) (=7 (8)
Qr A, mAH,

For a cylindrical flame shape and a large pool diameter, it can be shown (see Equation 30, é—i o~
1.73) that Ay /A, ~ 7.5, or:

“ - (mzq ) coT? ©)

We can approximate i using Equation 21:

m = O.OOIAHc (10)
AH,
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4 CONSISTENCY OF API-521 EQUATION A.1 11

This will yield the following expression for

7,500 AH,
Xr = (W) coT} (11)

Equation 11 shows that the fraction radiated, ., is a strong function of flame temperature, flame
emissivity, and the fuel burning rate.

Radiometer measurements from large scale fire experiments suggest that y, decreases with in-
creasing pool fire diameter:

Xr = Xrm€ P (12)

where x,,.. = 0.35and k£ = 0.05 m~! based on limited large scale hydrocarbon pool fires data [ 14].
Both Equations 11 and 12 are consistent. Larger pool diameters lead to less air entrainment by the
pool fire, incomplete combustion, and as a result lower emissivity and flame temperatures.

Equation 8 requires that the values selected for flame temperature, burning rate, heat of combustion,
and flame emissivity are consistent such that they do not yield unreasonable values of y,. As a
result, the default API-521 recommended values are not suitable for all fuels as shown in Tables 3
and 4. The recommended default values of € and 7' are most suitable for hydrocarbon fuels only.
Fuels other than hydrocarbons require specific values of € and 7% based on actual measurements.

As shown by Table 3 the hydrocarbon predictions of ;. at the recommended default values of e
and T’ are reasonable for both average and peak values for large diameter pool fires (see Figure 6)
while the predictions for hydrogen are not. Although the emissivity of hydrogen, € ~ 0.1, is less
than 0.75 due to the absence of soot, the fraction of hydrogen combustion energy should be higher
because of a higher flame temperature. Typical measured hydrogen flames radiative fractions range
from6 % to 12 % [15, 16].

Low carbon alcohol flames are also less emissive than hydrocarbon flames, e ~ (.1, primar-
ily because they undergo more complete combustion, resulting in significantly less production of
glowing solid soot particles. Alcohol molecules (e.g., methanol, ethanol) contain oxygen atoms
within their molecular structure (the hydroxyl group, OH). This internal oxygen allows alcohols to
mix and burn more completely with air, requiring less additional oxygen to achieve full oxidation.

The bright, yellow-orange luminosity characteristic of hydrocarbon flames comes from the in-
candescence of hot soot that forms during incomplete combustion. Because alcohols burn more
cleanly and efficiently, less soot particles are created. Alcohols typically used as fuels, such as
methanol and/or ethanol, have shorter carbon chains compared to many components in gasoline
or other liquid hydrocarbons. Shorter chains and lower carbon density in the molecule make it
harder to form the large aggregates of carbon atoms required for soot formation. Because of low
flame emissivity, more flame combustion energy is lost by convection than radiated from the flame
surface. As shown in Table 4, the predicted radiation fraction of combustion energy is significantly
overestimated for some alcohols and C' HO compounds.

Measured peak y, values for methanol, ethanol, and acetone (see [|7]) are reported to be 24 %, 26
%, and 31 % respectively. In 1989, the Association of Canadian Distillers conducted large scale
testing with ethanol [ 18] where they measured flame temperatures ranging from 600 °C (873 K) to
1,000 °C (1,273 K) and average fire flux values ranging from 25 to 50 kW /m?.
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4 CONSISTENCY OF API-521 EQUATION A.1 12

The default values of API-521 Equation A.1 should only be used for hydrocarbon fuels where the
calculated maximum fraction of combustion energy radiated (see Equation 11) does not exceed
~ 35 %.

Figure 3: Large scale ethanol fires test vessel and arrangement

South North

@ Thermocouple
0 Total heat flux transducers

Source: [18]
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Table 3: Calculated fraction radiated, ., using API-521 recommended values of ¢ = 0.75, Ty = 1,023 K (average fire flux), and
Ty = 1,323 K (peak fire flux) for hydrogen and selected hydrocarbons

Chemical m Ty AH, AH, LFLy | UF Ly, Xr Xr
Fuel Formula kg/ (m2s) K kJ/kg MJ/kg ﬁgi vol % vol % %, @1,023K | %, @1,323K
Hydrogen Hs 0.271 20.39 | 442.76 | 119.96 | 27093 | 7.60 71.40 1.07 3.01
Methane CH,4 0.098 111.66 | 510.12 | 50.01 | 98.04 5.73 14.27 7.12 | 19.93
Ethane CoHg 0.097 184.55 | 488.51 | 47.51 | 97.26 3.25 12.25 7.56 | 21.15
Propane C3Hg 0.109 231.11 | 426.32 | 46.33 | 108.68 | 2.20 9.40 6.94 19.40
n-Butane C4Hyg 0.118 272.65 | 385.99 | 45.72 | 118.45 1.83 8.47 6.45 18.04
n-Pentane CsHyo 0.125 309.22 | 369.92 | 4498 | 121.58 | 1.39 7.81 6.39 17.87
n-Hexane CeHig 0.132 341.88 | 371.05 | 44.74 | 120.57 | 1.16 7.54 6.48 18.12
Benzene C¢Hg 0.102 353.24 | 432.57 | 40.14 | 92.80 1.35 7.16 9.38 | 26.23
n-Heptane | C;Hyg 0.141 371.58 | 364.07 | 44.56 | 122.39 | 0.95 7.05 6.41 17.92
n-Octane CgHyg 0.146 398.83 | 359.41 | 44.42 | 123.59 | 0.74 6.56 6.36 17.80
n-Nonane CoHsg 0.153 423.97 | 356.41 | 44.33 | 12437 | 0.63 5.67 6.34 17.72
n-Decane CioHa2 0.157 447.31 | 348.87 | 44.24 | 126.80 | 0.73 5.47 6.23 17.42
n-Dodecane | CioHog 0.169 489.47 | 354.35 | 44.11 | 12448 | 0.52 4.78 6.36 17.80
Triacontane | CsoHgo 0.264 722.85 | 332.56 | 43.59 | 131.07 | 0.23 3.17 6.11 17.10

Source: SuperChems® Expert
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Table 4: Calculated fraction radiated, ., using API-521 recommended values of ¢ = 0.75, Ty = 1,023 K (average fire flux), and
Ty = 1,323 K (peak fire flux) for alcohols and selected CHO compounds

Chemical m Ty AH, AH, LFLy, | UFLy, Xr Xr
Fuel Formula | kg/(m?s) K kl/kg | Ml/kg ﬁgj vol% | vol % | w ek | % ek
Methanol CH,0O 0.018 337.85 | 1184.55 | 1991 | 16.81 7.11 36.20 | 104.33 | 291.85
Ethanol CyHgO 0.031 351.44 | 940.49 | 26.82 | 28.52 4.17 19.14 | 45.68 | 127.77
Acetone CsHgO 0.056 329.44 | 540.38 | 28.57 | 52.87 2.54 12.86 | 23.13 | 64.70
n-Propanol CsHsO 0.045 370.35 | 793.27 | 30.68 | 38.68 1.88 12.12 | 29.44 | 82.34
Isopropanol C3sHgO 0.046 355.41 | 751.37 | 30.45 | 40.53 1.90 12.10 | 28.31 | 79.18
Glycerol C3HgO3 0.02 563.15 | 993.37 | 16.04 | 16.14 2.14 19.56 | 13491 | 377.39
Methyl ethyl ketone | C;HsO 0.072 35279 | 476.33 | 31.36 | 65.85 1.72 10.08 | 1691 | 47.31
Diethyl ether C4H;0,0 0.092 307.58 | 374.11 | 33.78 | 90.28 1.89 48.01 1146 | 32.04
n-Butanol CsH;00 0.057 390.81 | 706.24 | 33.13 | 46.92 1.28 11.32 | 22.47 | 62.85
Isobutanol C4H;,0 0.056 380.81 | 741.41 | 33.04 | 44.56 1.59 11.01 | 23.72 | 66.36
1-Pentanol CsH,20 0.068 410.95 | 655.66 | 34.72 | 52.95 1.08 10.12 | 19.00 | 53.15
n-Butyl acetate CsH120- 0.09 399.15 | 374.21 | 28.26 | 75.53 1.60 7.70 16.36 | 45.78
1-Hexanol CsH140 0.08 430.15 | 590.11 | 35.96 | 60.94 1.09 8.31 1594 | 44.59
1-Heptanol C;H;60 0.088 449.45 | 586.27 | 3691 | 62.95 0.89 7.31 15.03 | 42.06
1-Octanol CsH;50 0.099 468.35 | 541.28 | 37.62 | 69.50 0.79 6.51 13.36 | 37.37
1-Nonanol CoH50O 0.107 486.25 | 530.90 | 38.13 | 71.82 0.69 6.21 12.75 | 35.68
1-Decanol C10H220 0.117 503.35 | 500.88 | 38.65 | 77.16 0.60 5.61 11.71 | 32.77
1-Dodecanol C12H360 0.135 535.00 | 470.54 | 39.38 | 83.69 0.50 5.20 10.60 | 29.65
Oleic Acid Ci18H3409 0.151 633.00 | 391.03 | 37.17 | 95.06 | 0.30 9.88 | 27.65
Methyl Oleate C19H3602 0.174 617.00 | 338.44 | 37.44 | 110.62 | 0.31 7.89 8.43 23.59
Monoolein Cso1Hy00y4 0.175 714.00 | 333.65 | 33.45 | 100.24 | 0.29 3.21 1042 | 29.14

Source:

SuperChems® Expert
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5 BIOFUELS POOL FIRES 15

Figure 4: Measured ethanol fire test data for Test 1
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5 Biofuels Pool Fires

In 1989, the National Research Council of Canada published a report summarizing large scale test
data for ethanol and hexane pool fires [18]. The fire tests were commissioned by the Association
of Canadian Distillers and were conducted to evaluate the behavior of stainless steel tanks storing
high-proof ethanol under fire conditions and to evaluate the effectiveness of water spray protection
for tanks containing distilled spirits.

A 2,600 gal vertical cylindrical vessel (see Figure 3), 16 gauge, stainless steel vessel was exposed
to ethanol and hexane fires. The test vessel was equipped with several sensors to measure heat
flux, internal fluid temperatures, and external wall temperatures. The vessel had an open 10 inch
vent to atmosphere to keep the internal pressure at ambient pressure. In test 1, the vessel was filled
to capacity with water. A free burn was conducted (see Figure 4).

As shown by Figure 4, measured flame temperatures ranged from 600 °C (873 K) to 1,000 °C
(1,273 K) and average fire flux values ranged from 25 to 50 kW /m?. The measured average
ethanol fire heat flux was approximately 30.6 kW /m? and the heat absorbed by the water inside
the vessel was estimated at 56 % 2 of what would be predicted by Equation 6 where the total vessel
wetted area is 266 ft2. The heating rate for water was estimated at 1.11 °C/min from the measured
water temperature. The vessel wall temperature in the vapor space (unwetted) reached 300 °C .

2The measured heating rate for n-hexane was 310 % of what would be predicted by Equation 6.
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If we use the reported value of y,. for ethanol of 26 % [
ture of 1273 K [

16

], and the measured peak flame tempera-
], we can calculate the following flame emissivity, €, using Equation 11:

AH? 1

= Xr £ 13

© 7 7500 AH, oT} (13)
28.52 x 26.82 x 108 1
= 0.26 =0.178
7,500 5.67 x 10~81,2734

Using € = 0.178, we calculate an emissive power of:
E = €T} =0.178 x 5.67 x 107° x 1,273* = 26.5kW /m* (14)

which is very close to the reported average value of 30.6 kW /m?2. An emissivity of 0.178 is the
consistent value to use with a flame temperature of 1,273 K for ethanol.

6 LNG Pool Fires

Potential LNG pool fires from large LNG tanker spills re-
ceived a lot of attention to warrant a United States Gov-
ernment Accountability Office (GAO) study and report to
the United States Congress in 2007. Because of the large
amount of LNG carried by a tanker, currently a Q-Max
class tanker has a capacity of 266,000 m>. There are also
large LNG storage tanks on land in LNG terminals and
LNG liquefaction facilities. The largest single LNG stor-
age tank in the world is 270,000 m?, located at Sinopec’s
Qingdao LNG Terminal in China, with a diameter of 100.6
m and height of 55 m, brought online in late 2023. In ad-
dition to LNG transported by tankers and stored in LNG
terminals and liquefaction facilities, smaller LNG storage
and vaporization facilities exist in the LNG value chain (see

Figure 5: The LNG value chain
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Figure 5) with potential for LNG loss of containment hazards and risks, including pool fires on land
and water.

The largest known LNG pool fire tests were conducted by Shell [19] and Sandia National Labora-
tories [20, 21]. Based on the Montoir 35 m pool fires tests [ 1 9], the flame surface emissive power
of LNG [22] was recommended to be 220 +/- 50 kW / m?2. In 2009, Sandia National Laboratories
conducted the larger Phoenix 83 m LNG pool fire tests on water [20] and showed that the LNG
flame emissive power can be as high as 326 kW /m?. Sandia recommended [21] an LNG flame
emissive power in the range of 248 to 326 kW /m? and a nominal average burning rate of 3.5x 10~
m/s (0.15 kg/m?/s) and a range of 2.6 x 1074 (0.11 kg/m?/s) to 4.5 x 107 m/s (0.19 kg/m?/s).

The burning rate of LNG is typically equal to twice the boiling rate. For liquid LNG spills on
land, the boiling rate ranges from 0.05 to 0.1 kg/m?/s. For liquid LNG spills on water, the boiling

(©ioMosaic Corporation 1} | Revision 1 Printed April 6, 2026


https://www.iomosaic.com/
https://www.iomosaic.com

6 LNG POOL FIRES

Table 5: Typical LNG mixture components properties
Ethane

Propane

n-Butane

Nitrogen

17

Carbon
Dioxide

Normal Boiling Point. K 111.660 184.550 231.110 272.650 77.352 194.600
Critical Temperature. K 190.580 305.420 369.820 425180 | 126.100 304.190
Critical Pressure. bar 46.043 48.801 42.492 37.969 33.944 73.815
Liquid Density at NBP. kg/m3 424.056 544.709 582.964 601.983 | 807.829 1180.590
Latent Heat of Vaporization. kd/kg 508.879 488.503 426.317 385.989 | 197.873 369.586
Lower Flammability Limit. Vol % 5.000 3.000 2.100 1.800
Upper Flammability Limit. Vol % 15.000 12.500 9.500 8.500
Auto-ignition Temperature. K 873.000 788.150 723.150 678.150
Minimum Ignition Energy. mJ 0.29 0.24 0.25 0.25
Heat of Combustion. MJ/kg -50.01 -47.51 -46.33 -45.72
Laminar Burning Velocity. m/s 0.45 0.53 0.52 0.50
Adiabatic Flame Temperature. K 2,230 2,272 2,283 2,286
Stoichiometric Concentration. % 9.48 5.66 4.03 3.13
Detonation cell width. mm 300 55 55 60
Minimum Critical Energy. kJ 19,200 144 240 240

Source:ioMosaic®

rate ranges from 0.1 to 0.2 kg/m?/s. LNG burning rates on land can be as high as 0.14 kg/m?/s
and as high as 0.3 kg/m?/s for LNG pool fires on water. Note that pool/spill surface interface
factor [23] can be as large as 6 or 7 for LNG spills on water. Spill surface imperfections such
as porosity and surface roughness and interface distortions/turbulence caused by boiling on water
surfaces, wave action, and water flow velocity, can increase the conduction heat transfer from the
underlying surface to the LNG pool to yield more LNG vaporization.

The flame surface emissive power is also influenced by the size and chemical composition of the
burning pool. LNG is not just methane. LNG is a mixture (see Table 5) of hydrocarbons where the
methane content in some LNG mixtures can be as low as 85 %.

Figure 6 demonstrates that, unlike other hydrocarbons, the fraction of combustion energy radiated
by large LNG pool fires starts to decline at pool diameters larger than 100 m. Equation 12 param-
eters should be adjusted for LNG fires. Also note that Equation 8 requires that the values selected
for flame temperature, burning rate, heat of combustion, and flame emissivity are consistent such
that they do not yield unreasonable values of ..

For an LNG pool fire diameter of 83 m (see Figure 6), the measured surface emissive power is 286

kW /m?. Using the recommended value of 7 = 1, 323 K, we obtain an emissivity value of:
286,000

5.67 x 1078 x 1,3234

The value of ¢ cannot be larger than that of a blackbody (¢ < 1). As a result the peak temperature
value of 1,323 K is not suitable for an 83 meter LNG pool fire. The same expression can be

286,000 =

eoT} or e = = 1.646 (15)
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7 BURNING RATES 18

Figure 6: LNG test data summary for flame surface emissive power
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evaluated at 1,500 K (see Table 9) to yield a value of € ~ 1:
286, 000
5.67 x 10—8 x 1, 5004

The consistent values of € and 7 that should be used for large LNG pool fires are Ty = 1,500 K
and € ~ 1. These consistent values yield a fraction radiated, ., as outlined by Equation 11:

7,500 AH,
“ - <W> T (17)

286,000 = €T} ore= = 0.9963 (16)

7,500
(98.04 % 50.01 x 106) 0.9963 x 5.67 x 107" x 1,500" = 0.437 or 43.7%

7 Burning Rates

As was historically developed by Hottel [2] in 1959 based on data reported by Blinov and Khudi-
akov [25] in 1957 for pool fires in pans ranging in diameter from 0.4 cm to 3000 cm (30 m), we
begin by considering a general energy balance of a burning circular pool in a pan with surface area
A, = 7er2 and liquid depth z;. The flame provides a steady state heat flux which is transmitted to
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the liquid pool surface and used to vaporize the liquid:
Qv 4k

o - U I ) boxe (BT (- o (-1 a)
4 h v 4 ~ ~~ - ~ g

m convection radiation, Qs re-radiation
where 92 is the net energy flux in W/m? that is available to (a) heat the liquid pool material at the

AP
pool surface from its initial liquid temperature, 7}, to its boiling point, 7} and to (b) vaporize the
liquid to create flammable vapors away from the boiling liquid pool surface. Note that equation 18
does not include heat exchange between the liquid pool and the underlying spill surface. Ground
conduction heating rates can be significant for cryogenic liquid spills such as LNG.

The first term in Equation 18 represents heat transfer by conduction from the pan rim at the flame
temperature to the liquid in the pan . The pan rim conduction term is only important for fires with
very small pool dimensions and decreases linearly with increasing pool diameter. The conduction
heat transfer contribution to the overall energy balance for large pools is insignificant for non-
cryogenic liquids.

The second term represents convection from the flame to the liquid, the third term represents
thermal radiation from the flame, and the last term represents re-radiation heat loss from the liquid
surface to the surroundings. In Equation 18, £ is the thermal conductivity of liquid in (W/m/K), d
is the pool diameter in (m), T is the flame temperature above the liquid pool surface in K, T}, is
the normal boiling point of the liquid in K, T, is the ambient temperature in K, o = 5.67 x 1078
W /(m?K*) is the Stefan-Boltzmann constant, ., is the fraction of energy radiated by the flame
and is visible to the liquid pool surface, U is an overall convective heat transfer coefficient in
W/ m? /K, and & is Beer’s law extinction coefficient of the flame. Blinov and Khudiakov [25]
assign a value of 0.25 to x,, and 5.7 W/m?/K to U. These values were based on experimental
pool fire data using hydrocarbons.

At small diameters (less than 1 cm) the first term on the right in Equation 18 dominates and causes
the burning rate to increase. At large diameters (greater than 100 cm), the first term contribution is
small, the second term will be constant, and the third term dominates since xd becomes large and
causes the exponential term to go to zero. At intermediate diameters (between 1 and 100 cm), the
third term will be low because of the flame thickness and the first term will still be small; thus the
burning rate reaches a minimum. This is illustrated in Figure 7. Typical values for burning rates at
large diameters are shown in Table 6.

The mass burning rate of the liquid is then estimated from the following equation:

)y A
m = @/ 4y (19)
AH,+Cy (T, — T7)
where 77 is the mass burning flux in kg/m?/s, AH, is the heat of vaporization in J/kg, C,,, is the
liquid heat capacity in J /kg/K, and 7; is the liquid pool surface temperature in K. Equation 19 is

not directly applicable to mixtures or cryogenic liquids.

For burning mixtures, preferential boiling of light ends causes the mixture bubble point, the mix-
ture heat of vaporization, the mixture flammability limits, and the mixture flame temperature to

3The wall cross sectional area is assumed to be equal to the pool area A,,.
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Table 6: Experimental large diameter burning velocity and extinction coefficients for different
fuels [3]

Fuel  (/m) 7 (m/s) m (kg/m?/s)
Hexane 1.9 1.22 x10~4
Butane 2.7 1.32 x10~*
Benzene 2.6 1.00 x10~*
Xylene 1.2 097 x10~*
Methanol 46 |0.28 x107*
UDMH (unsymmetrical dimethyl hydrazone) | 2.5 | 0.63 x10~*
Hydrogen 7.0 |233x1074
LNG 30 |1.10 x107*

change as the light ends are vaporized and preferentially depleted from the mixture. In addition,
Equation 19 does not apply to burning cryogenic materials where conduction from the underly-
ing spill surface provides additional energy to vaporize the liquid, which can be significant for
cryogenic liquids like LNG and LH2.

Transient and detailed material and energy balances (such as those included in the liquid pool
models of SuperChems® Expert) can be used for pool fires involving mixtures and cryogenic
liquids. The transient energy balances included in SuperChems® Expert have been demonstrated
to predict rapid phase transitions for LNG pools [26] where the preferential boiloff of light ends
increases the boiling point of the vaporizing mixture, ultimately causing a transition from film
boiling to pool boiling accompanied by a large increase in heat transfer rates from the underlying
spill surface to the liquid.

For large pool diameters, the third term in Equation 18 dominates and radiative heat transfer to the
pool surface drives vaporization of the liquid:
U (Tf - Tb) + 0 Xsr (T;”l - Tlfl)

7 max — 20
m AH, + Cypy (Ty — T)) (20

Several researchers correlated the mass burning rate with the ratio of heat of combustion to heat
of vaporization. The form is consistent with Equation 20. Figure 8 shows the dependency of
measured burning rate data (at large diameters) on this ratio for several materials.

In Figure 8 the burning velocity of a liquid pool is the rate at which the pool level decreases
with time. The mass burning rate is a related term, being a product of the burning velocity and
the fuel liquid density. Careful examination of Figure 8 shows that materials like LNG and LH2
would require quantification of the transient and spill surface geometry and roughness dependent
additional heat gained by ground conduction.

Extensive burn rate measurements [27] have shown a definite relationship between the burning
velocity and thermochemical fuel properties, such as the ratio of the net heat of combustion and
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7 BURNING RATES 21

Figure 7: The dependence of burning rate on pool diameter [2, 3]
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vaporization (see Equations 19 and 20). The relationship used to estimate the burning rate is:
j 0.001 A, 1)
Mmax = .
AH,
. mmax . mmax
Ynip or ypl e (22)
Plnbp Pl

where, ¢ in the liquid burning velocity or regression rate in m/s, AH, is standard heat of com-
bustion in kJ/kg, AH, is the heat of vaporization at the boiling point in kJ /kg, p; .5, is the pool
surface liquid density at the normal boiling point in kg/m?, and p; is the liquid density at the pool
bulk liquid temperature kg /m?3.

Where measured values of burning rates exist (1 or y), we can use Equation 18 to calculate the
fraction of heat radiated and convected back to the liquid pool surface:

_ m[AH, + Co (Ty = T)] = (Ty = Th) — U (Ty = Ty) + 0 (T)) = T3)
Asr o (TJil —T}) (1 —end)

In the absence of measured burning rate data one can always use Equation 21 (also see Figure 8)
to estimate the burning rate and then use Equation 23 to calculate ;.

(23)

A maximum burning rate, 1y, is reached at large pool diameters as shown by Equation 18. Some
authors have suggested a simple equation to correlate mass burning rate with pool diameter [5]:

m = M [1 — eXp (_ﬂ’%dﬂ (24)

where [k is the product of a mean beam length corrector and the flame extinction coefficient in
m~!. Table 7 provides a summary of measured burning rate data for a variety of fuels for pool
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Figure 8: The dependence of burning rate* on the ratio of heat of combustion to heat of vaporiza-
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Source: [3]; *: Pool fires on land; UDMH is unsymmetrical dimethyl hydrazone; DETA is diethylene triamine; LEG
is liquefied ethylene gas.

diameters ranging from 0.6 to 35 meters, wind speeds up to 9.6 m/s, and relative humidity data
ranging from 23 to 87 %.

8 Flame Emissive Power

The emissive power of a large turbulent fire is a function of the blackbody emissive power and the
flame emissivity. The blackbody emissive power, in turn, can be computed using Planck’s law of
radiation, if the mean radiation flame temperature, 7%, is known. For incident flux calculations,
however, it is more important to estimate the effective emissive power of the flame, which accounts
for shielding by surrounding layers of smoke for liquid hydrocarbon fires.

Large scale pool fire data collected during the last decade indicate that the flame zone above the
liquid surface is sustained at the limit temperature corresponding to the upper flammability limit
(see Table 8). Equation 20 can be used to check the consistency of reported upper flammability
limits and burning rates.

Figure 9 summarizes numerous thermochemical equilibrium calculations for several compounds.
The X axis represents the mole fraction of fuel in air. The flame adiabatic temperatures were
calculated using a starting temperature of 298.15 K at 1 bara.
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Table 7: Measured burning rate and extinction coefficients for different fuels [5]

Fuel Mmaxs kg/m?/s | kB, m™ " | E,, kW/m? | k, m™*
Acetone 0.038 2.238 130
Benzene 0.085 2.700 130
Butane 0.110 0.852 225 0.937
Crude oil 0.051 1.301 130
Diesel 0.054 1.301 130
Ethane 0.141 0.136 250 0.149
Ethanol 0.020 130
Fuel oil 0.034 1.670 130
Gasoline 0.067 1.480 130
Heptane 0.081 1.394 200
Hexane 0.075 1.394 200
Hydrogen 0.161 6.741 70 7.415
JP4 0.056 1.962 130
JL5/kerosene 0.063 1.296 130
Ethylene 0.140 265
LNG/methane 0.141 0.136 265 0.149
LNG/methane (water) 0.282 265
LPG/propane 0.118 0.500 250 0.550
LPG/propane (water) 0.256 250
Methanol 0.020 70
Naptha/pentane 0.095 200
Octane 0.081 1.394 200
Toluene 0.066 3.370 130
Xylene 0.090 1.400 130

Based on observed values of emissive powers reported in the literature and other available data

(Haggland et al. [28] and Alger et al. [29]), the effective emissive power (for hydrocarbons only)

was correlated to the normal boiling point by the expression:
4

coTy

1000

where F, is the hydrocarbon effective emissive power in kW /m? and Tygp is the hydrocarbon
normal boiling point in °F.

E, = max (117 — 0.313 Tgp, 20) = (25)

As illustrated in Table 8, the flame zone above the liquid surface of a pool fire is sustained at the
limit temperature corresponding to the upper flammability limit, ~ 1,500 K for hydrocarbons.
Using Equation 25, we can calculate an implied effective flame emissivity of hydrocarbon pool
fires, €. This is shown in Table 9. Note the upper flammability limit also depends on temperature *.

Mudan and Croce [3] proposed a more general equation for heavy hydrocarbons to account for

YUFL ~UFLogs 155 + g'—zli (T — 298.15), where UFL is in volume %, T is in K, and A H.. is in kcal/gmol.
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Table 8: Measured flame surface temperature of pool fires vs. calculated flame temperature values
at the upper flammability limit (UFL)

Fuel Measured,| Predicted Predicted UFL

K @298.15 K | @NBP @NBP,
Vol %

Acetone

Methanol

Glycerol

Triolein

Methyl Oleate

Ethanol 1,560 1,552 19

Benzene 1,460 1,430 7.4

Petrol 1,520

Kerosine 1,480

Mixed Solvent 1,500

NBP: Calculated at a starting temperature of fuel normal boiling point.

smoke and soot production by the flame:
E,=xE;+ (1 —2)E, (26)

where z is the luminous fraction of the flame surface and FE is the smoke/soot emissive power
~ 20 kW /m?.

9 Incident Flux Calculation

The incident flux at any given location or surface is given by the equation:
oT, P Ty oT?

— X T000 1000

where [ is the surface incident flux in kW/m?, E, is the flame emissive power in kW /m?, €; is
the surface emissivity, 7 is the surface or surroundings temperature in K, 7 is the atmospheric
transmissivity, and F;,, is maximum geometric view factor between the flame and receiving sur-
face. Detailed methods for calculating atmospheric transmissivity and geometric view factors for

cylindrical and rectangular flames are included in the fire models of SuperChems® Expert . They
are also accessible by user defined scripts using TEAL.

I = 7F,E, — ¢

27)

10 Pool Spreading

The spectrum of hydrocarbon liquid spill scenarios is wide. Spills can be classified based on the
rate of release and duration:
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Figure 9: Calculated adiabatic flame temperatures for selected fuels as a function of fuel mole
fraction - balance is air
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e Continuous spills - in which the spill continues at a specified finite rate for a long duration.
e Instantaneous spills - in which all of the spill occurs over a very short time.

e Finite duration spills - where a given volume of liquid is spilled over a given duration of
time. Both the release rate and the release duration are finite.

SuperChems® Expert solves the transient shallow water equations [23] to determine the extent
of pool spreading on land or water. The transient solution includes detailed representations of
heat and mass transfer mechanisms including solar radiation, conduction from the underlying spill
surface, and heating from the flame for a burning pool for single components and mixtures. The
preferential boil off of light ends includes the vapor/liquid equilibrium of non-ideal mixtures and
mixtures with azeotropes.

A burning pool will reach an equilibrium pool diameter at the point where the liquid feed rate to
the pool equals the burning rate. The flame height and pool fire duration will depend on when the
pool is ignited. An immediate ignition causes the pool to spread to an equilibrium diameter where
the feed rate equals the burning rate. However, a delayed ignition that occurs after the pool spreads
to an equilibrium diameter where the feed rate equals the evaporation or vaporization rate, causes
the flame height to be higher and the fire duration to shorter as the pool depth will be smaller.

We illustrate pool burning and spreading for a release of cyclohexane on a concrete surface. We
vary the spill rate from 0.1 to 100 kg/s (794 1b/hr to 794,000 Ib/hr) and ignite the pool 1 minute after
the release starts. We use a wind speed of 2 m/s and a relative humidity is 70 % at a visual range of
6,600 feet (2,011 m). The SuperChems® Expert simulation results are shown in Figures 10 and
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Table 9: Calculated emissive power of normal hydrocarbons from Equation 25 for large pool fire
diameters (> 1 meter) and a flame temperature of 1,500 K

Fuel Carbon Normal E,, €
Number | Boiling kW /m?
Point, °F

Blackbody 288 1.000
Methane Ch -258.68 198 0.687
Ethane Cs -127.48 157 0.545
Propane Cs -43.67 131 0.454
Butane Cy 31.10 107 0.371
Pentane Cs 96.92 87 0.302
Hexane Ce 155.71 68 0.236
Heptane Cr 209.17 52 0.180
Octane Cy 258.22 36 0.125
Nonane Cy 303.48 22 0.076
Decane Cho 345.48 20 0.069
Soot and Heavier Hydrocarbons > CYp > 345.48 20 0.069

11. We note from Figure 10 that a flame height of 30 ft (9.2 m) is reached with a small release rate
of less than 1,000 Ib/hr (0.126 kg/s). Additional simulation results are shown in Table 10.

11 Flame Height

A burning pool flame height value is necessary for thermal radiation and safe separation distance
evaluations. Thomas [30] has developed a correlation for the mean visible flame height of turbulent
diffusion flames in the presence of wind:

I . 0.67

m
= = 0.21 1 (28)
D p U*' pa g D P
where, Ly is the mean visible flame height in m, D, is the pool diameter in m, /n is the mass
burning rate per unit pool area in kg/ m? - s, and p, is the ambient air density in kg / m?, and u, is

the non-dimensional wind velocity given by:
Uqy

(22) 3
Pv
g is the acceleration due to gravity in m/s? and p, is the vapor density of fuel in kg/m? at ambient

conditions. A simpler correlation for flame height is proposed by Bubbico [3 1] which only depends

on pool diameter:

Ly 0.33
— = 173+ ——=
D, " pia

where D), is the burning pool diameter in m.

Uy =

(29)

(30)
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Figure 10: Calculated maximum pool diameter and flame height for a cyclohexane spill using
SuperChems® Expert
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12 Flame Tilt

Wind can cause the flame of a burning pool to bend or tilt. The upper portions of a tilted or inclined
flame will be closer to an observer location downwind of the burning pool (higher thermal radiation
incident flux) and further from an observer located upstream of the burning pool (lower thermal
radiation incident flux). The angle of tilt (f) of the flame from the vertical is given by (American
Gas Association [32]):

1 foru, <1
cos = {u*o.g) foru, > 1 31

where, u, is given by Equation 29.

13 Flame Drag

Under high wind conditions, a burning pool flame can tilt and drag in into the downwind direction.
Flame drag is defined as the distance by which the base of the flame is extended downwind, while
the upwind edge of the flame and the flame width remain unchanged. When flame drag occurs, the
flame will be closer to an observer located downwind from the flame, i.e., higher thermal radiation
will be received by that observer due to flame tilt and drag. Flame drag is a strong function of wind
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Figure 11: Calculated time history of pool diameter for a cyclohexane spill using SuperChems®
Expert
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speed. The correlation used to predict flame drag is given by (Mudan [33]):

0.48
D' = 1.25D,Fi% (@) (32)

a

where the Froude number Fryj is calculated based upon the wind speed at a height of 10 m:
2

u
Frijg = —2 (33)
10 9D,

where u,,,, is the 10 m wind speed in m/s.

14 Conclusions

The API-521 [4, 6] proposed default average and peak values of € and T for use with Annex A
equation A.l are most suitable for hydrocarbons (see Table 2). They are not suitable for large
pool fires of hydrogen (LH2), LNG, and low carbon number alcohols such a methanol and ethanol.
The recommended peak values for LNG are € ~ 1, Ty ~ 1,500 K. The recommended values for
ethanol are e ~ 0.18, Ty ~ 1,273 K.
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Table 10: Additional simulation results for cyclohexane liquid release and pool fire

Flow Maximum | Maximum | Flame Flame Flame Distance Distance

Rate. Pool Fire Flame Tilt. Drag. m Emissive | to 5 to 12.5

Kg/s Diameter. | Height. m | Degrees Power. KW/m?2 kW/m2
m kW/m? from Pool | from Pool

Edge. m Edge. m

1 6.3 216 33 1.5 62 21 11

5 12.3 344 21 23 62 31 15

10 16.3 41.8 12 27 62 35 16

15 19.2 50.0 0 29 62 35 15

20 21.6 51.0 0 3.0 62 38 16

25 23.7 54.3 0 3.2 62 41 17

30 25.5 57.2 0 3.3 62 43 18

35 27.3 59.8 0 3.4 62 45 19

40 28.8 62.1 0 34 62 47 20

45 30.2 64.3 0 3.5 62 49 21

50 31.2 66.3 0 3.5 62 51 22

100 42.0 81.0 0 3.8 62 63 26

Source: SuperChems® Expert

15 Recommended Additional Reading

Please refer to additional ioMosaic® publications in the fire modeling series for more details
on understanding thermal radiation modeling and atmospheric transmissivity, the calculation of
geometric view factors for solid flame geometries, the calculation of flame emissive power and
fraction radiated for pool fires and flame jets/flares, the calculation of short duration exposure to
thermal radiation from fireballs and vapor cloud fires, the dynamics of pressure relief under fire
exposure, and estimated time to failure or yield for vessels exposed to internal heating by runaway
reaction(s) and/or external heating by fire. These technical publications can be made available
upon request.
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